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Epithelial cell-directed efferocytosis in the
post-partum mammary gland is necessary for
tissue homeostasis and future lactation
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Abstract

macrophages to post-lactational efferocytosis.

apoptotic load following lactation.

Background: Mammary glands harbor a profound burden of apoptotic cells (ACs) during post-lactational
involution, but little is known regarding mechanisms by which ACs are cleared from the mammary gland, or
consequences if this process is interrupted. We investigated AC clearance, also termed efferocytosis, during post-
lactational remodeling, using mice deficient for MerTK, Axl, and Tyro3, three related receptor tyrosine kinases (RTKs)
regulating macrophage-mediated efferocytosis in monocytes. MerTK expression, apoptosis and the accumulation of
apoptotic debris were examined in histological sections of MerTK-deficient, AxI/Tyro3-deficient, and wild-type
mammary glands harvested at specific time points during lactation and synchronized involution. The ability of
primary mammary epithelial cells (MECs) to engulf ACs was assessed in culture. Transplant of MerTK-deficient
mammary epithelium into cleared WT mammary fat pads was used to assess the contribution of WT mammary

Results: ACs induced MerTK expression in MECs, resulting in elevated MerTK levels at the earliest stages of
involution. Loss of MerTK resulted in AC accumulation in post-lactational MerTK-deficient mammary glands, but not
in AxlI and Tyro3-deficient mammary glands. Increased vascularization, fibrosis, and epithelial hyperproliferation
were observed in MerTK-deficient mammary glands through at least 60 days post-weaning, due to failed
efferocytosis after lactation, but did not manifest in nulliparous mice. WT host-derived macrophages failed to
rescue efferocytosis in transplanted MerTK-deficient mammary epithelium.

Conclusion: Efferocytosis by MECs through MerTK is crucial for mammary gland homeostasis and function during
the post-lactational period. Efferocytosis by MECs thus limits pathologic consequences associated with the

Background

The stromal microenvironment in which the breast
epithelium exists greatly influences its physiology, func-
tion, and architecture [1-3]. In the mammary gland, the
stroma is comprised of fibroblasts, adipocytes, vessels,
lymphatics, and immune effector cells. Tightly regulated
epithelial-stromal interactions direct every aspect of pre-
and post-natal mammary gland development, including
the profound changes that occur during pregnancy, lac-
tation, and involution. Specifically, macrophages in the
mammary gland contribute to epithelial growth during
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puberty, epithelial differentiation during pregnancy, and
are recruited to the mammary gland during involution
[3-5]. Alterations in the stromal macrophage population
can have pathologic consequences on the development
and maintenance of the mammary gland [6]. For exam-
ple, mice harboring a null mutation in the CsfI gene
(Csf1°?) have decreased numbers of mammary macro-
phages, resulting in reduced terminal end bud numbers,
branching, and ductal elongation in the mammary
epithelium [6-8]. Following pregnancy these mice fail to
nurse their pups due to inadequate differentiation of the
mammary epithelium and poor milk supply [9].
Apoptosis occurs at some level in most tissues, and is
a critical aspect of tissue development, lymphocyte
maturation, and normal cell turnover. Clearance of
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apoptotic debris is required to prevent secondary necro-
sis, chronic inflammation, release of self molecules, and
tissue damage. Released self-molecules may become
antigenic and cause lymphocyte activation and autoanti-
body production [10]. In the mammary gland, apoptosis
allows for the plasticity that characterizes the many
stages of mammary gland biology. Apoptosis occurs
during puberty, canalizing the solid epithelial cords that
form the ductal epithelium [11]. With each menstrual
cycle in humans (or the estrous cycle in mice), the
mammary epithelium undergoes modest proliferation of
lobuloalveolar buds, which either continue proliferating
in the event of pregnancy, or otherwise undergo apopto-
sis [12]. Following pregnancy and lactation, the mam-
mary epithelium undergoes involution, culling the vast
majority (up to 90%) of the mammary epithelium within
only 7-10 days, leaving a relatively quiescent ductal
epithelial tree [3,4].

The profound burden of ACs during post-lactational
involution necessitates a mechanism for the rapid clear-
ance of these cells. Also for normal mammary gland
remodeling to take place, milk fat globules and residual
milk must also be efficiently and rapidly removed. The
debate regarding the removal of ACs in the mammary
gland as a job of resident mammary macrophage or of
neighboring MECs has support from both sides [1,2,4,6].
In the mammary gland, macrophage infiltration is
detected between days 2 and 4, at which time they have
been shown to engulf dying MECs and to release anti-
inflammatory cytokines, such as TGFf1. However,
comprehensive analyses demonstrated that apoptotic
mammary epithelial cells are apparent and become
cleared within hours of removing pups from a nursing
dam [13], prior to macrophage infiltration of the involu-
tion mammary gland. In cell culture, primary cells and
established cell lines from the mouse mammary epithe-
lium were capable of binding and engulfing ACs, albeit
much less efficiently than macrophages. While these
studies did not identify which signaling pathways were
necessary for AC clearance by MECs, it was found that
some of the receptors used by macrophages for AC
clearance were also expressed by MECs during involu-
tion, including the phosphatidyl serine receptor, integrin
B3 , calreticulin, and CD91 [3,13].

To understand the role of AC clearance in the post-
lactational mammary gland in vivo, we utilized a geneti-
cally engineered mouse model that harbors macrophages
with an impaired ability to engulf ACs. This model lacks
the receptor tyrosine kinase MerTK, a member of the
TAM (Tyro-3/Axl/MerTK) family [14-17]. Each member
of the TAM receptor family shares structural similarity
in the extracellular region and a hallmark KWAIAES
motif in the cytoplasmic kinase domain [18]. Each of
the TAM receptors is involved in AC clearance by
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macrophages and/or dendritic cells [18-22]. MerTK is
required for AC clearance by macrophages, and for the
subsequent dampening of inflammatory cytokine secre-
tion in order to limit potentially destructive immune
responses [20,23-26]. mertk”” macrophages and DCs
secrete pathologically high levels of tumor necrosis
factor-a. (TNF-a) in response to lipopolysaccharide,
demonstrating the role of MerTK in dampening acute
inflammatory responses in macrophages [22,27].

Very little is known regarding TAM family RTKs in
mammary gland development, neither in regard to
epithelial autonomous effects nor those produced by
interactions between the developing mammary epithe-
lium and resident macrophages. We show herein that
growth and branching of the ductal epithelium during
puberty occurs unabated in the absence of MerTK, as
does expansion and differentiation of the secretory
epithelium. In the MerTK-deficient model, we found a
striking accumulation of ACs and stagnant milk in duc-
tal lumens during post-lactational involution, resulting
in stromal and epithelial alterations that were sustained
through at least 60 days of involution. While apoptotic
debris was eventually cleared in the absence of MerTK,
mammary glands from mertk”” mice displayed persistent
hyperproliferation, increased vascularization, and fibro-
sis. Phenotypic changes in MerTK-deficient mammary
glands were evident by day 3 of involution, prior to the
peak of macrophage infiltration previously described
[3,5]. Surprisingly, we found that MerTK expression was
elevated in the mammary epithelium at involution
day 1, and that while WT MECs were capable of engulf-
ing ACs ex vivo, mertk”~ MECs were not. Transplan-
tation of mertk”” mammary epithelium into WT
mammary fat pads resulted in AC accumulation, and
post-lactational increases in epithelial cell proliferation,
stromal vascularization, and fibrosis, despite the pre-
sence of WT macrophages derived from the WT host
environment. These studies demonstrate that AC clear-
ance during post-lactational involution is performed pri-
marily by neighboring MECs, that this process requires
MerTK, and that the consequences of failed AC clear-
ance during post-lactational involution result in sus-
tained alterations in the stroma and epithelium that
prevent subsequent lactation.

Methods

Mice

All mice regardless of genotype were inbred to C57Bl/6]
for at least 10 generations. mertk”” mice, originally
referred to as Mer" mice; have been previously
described [27]. To generate WT and mertk”” siblings,
mertk™” males and females were mated to generate the
expected Mendelian ratios of WT, mertk"”, and mertk””
offspring. Tyro3” /Axl” mice have been described
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previously [27], and were gifts from the laboratory of
Dr. Glenn Matsushima, University of North Carolina,
Chapel Hill, NC. Actin-GFP transgenic mice were from
Jackson Laboratories (Bar Harbor, ME). Mice were
maintained in AAALAC approved animal facilities using
protocols approved by the University of North Carolina
Institutional Animal Care and Use Committee.

Establishing time points of pregnancy, lactation, and
involution

For timed pregnancies, mating pairs were established
and mice were monitored daily for vaginal plugs, indi-
cating 0.5 d.p.c. The day of parturition was considered
lactation day 1. For lactation time points, mammary
glands were analyzed at lactation day 10 (or lactation
day 1 for mammary transplants and some second preg-
nancies). To synchronize involution in each of the 10
mammary glands per mouse, pups were withdrawn at
lactation day 10 (or lactation day 1 for mammary trans-
plants), indicating 0 days post-forced wean (dpfw).
Mammary glands were examined at 3, 7, 10, 14, 21, and
60 dpfw.

Histological analysis and immunohistochemistry (IHC)

Mammary glands were harvested and immediately fixed
in 10% formalin (VWR Scientific). Hematoxylin-stained
whole mounts of #4 (right inguinal) mammary glands
were prepared as previously described [28]. Paraffin-
embedded mammary glands were sectioned (5 pm),
rehydrated, and peroxidase was quenched with 3%
H,0O,. IHC was performed as previously described [29]
using the following polyclonal antibodies: MerTK
(synthesized in this laboratory, against a peptide in the
extracellular domain of human MerTK); collagen IV
(1:200, Santa Cruz Biotechnologies), PECAM/CD31
(1:100, Santa Cruz Biotechnologies). Slides were washed
in PBST then incubated in biotinylated anti-rabbit anti-
body (Vector Laboratories, Burlingame, VT) and devel-
oped using the Vectastain Kit (Vector Laboratories).
Immunohistochemistry for PCNA was performed using
the PCNA Staining Kit (Zymed) according to manufac-
turer’s instructions. TUNEL analysis was performed
using the ApopTag In Situ Detection Kit (Promega,
Madison, WI). Cells were photographed using the Zeiss
LCM 210 microscope and Scion Image 2.0 software.

Transplantation of mammary tissue into cleared
mammary fat pads

Donor mammary tissue was harvested from the inguinal
mammary glands (lymph nodes removed) of female WT
and mertk”” mice at 6 weeks of age, under sterile condi-
tions. Genotype of the donor mammary tissue was con-
firmed by PCR of genomic DNA. Recipient female mice
were 3 week-old WT C57Bl/6 mice. The right and left

Page 3 of 14

inguinal mammary fat pads of recipient females were
cleared of endogenous epithelium by surgical removal of
the proximal one-third of the mammary fat pad, in
which the epithelium is exclusively located in 3 week-
old mice. A single 2 mm? portion of mammary tissue
from donor mice was surgically placed into the cleared
mammary fat pad of recipient mice. Each recipient
mouse received WT mammary tissue in the right
cleared fat pad, and mertk”” mammary tissue in the left
cleared fat pad, allowing the development of the recon-
stituted mammary glands to be internally controlled and
examined as a matched pair. Eight weeks following
transplant mice were bred in order to examine the
mammary glands during specific stages of involution as
described above.

qRT-PCR

Total mammary RNA was harvested from flash-frozen
mammary glands taken from mice at 10 dpfw, or from
cultured cells using the RNeasy kit (Qiagen). Total RNA
(10 ng) was reverse transcribed with transcript-specific
primers, then amplified with transcript-specific primers
in the presence of a TAM-labeled, target-specific probe,
using the AmpliTaq EZ RT-PCR kit (ABI), according to
manufacturer’s instructions, with a Tm of 62°C. The fol-
lowing primers and probes were used: mouse MerTK:
Forward 5-TGA CTC CTT GGA AGA CTC TGA AG;
reverse 5’-CTT GAA GAT TGC CTT GGT CAT; probe
5-GTG GTC TTA GAT ACT TTG TTA; and mouse
tgfbl. The CT for each transcript within each sample
was corrected for the CT of gapdh within each sample,
then normalized to the CT of a single sample, and con-
verted into relative level of expression using the 36CT
method, such that all values are presented as a fold
change in reference to a single sample. Samples were
analyzed six times.

Isolation and culture of primary mammary epithelial

cells (PMECs)

Mammary glands were collected under aseptic conditions
and dispersed in 1X collagenase-hyaluronidase solution
(Stem Cell Technologies, Vancouver, British Columbia,
Canada) overnight at 37°C, digested briefly with trypsin,
then washed and plated at a density of 500,000 cells per
35-mm dish in DMEM-F12 supplemented with 2% FBS,
10 ng/ml EGF, 5 pg/ml insulin, and 5 pg/ml dexametha-
sone. Where indicated, media was supplemented with
25 pg/ml recombinant Gas6 (R&D Systems, Rockville,
MD). Cells were co-cultured with 2.5 x 10° apoptotic thy-
mocytes harvested from dexamethasone-treated Actin-
GFP female mice. To harvest thymocytes, whole thymus
was collected from mice then physically dissociated
through a 70 pm mesh filter in phosphate buffered saline
pH 7.4 (PBS). Red blood cells were lysed with sterile
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deionized water, and remaining thymocytes were washed
twice with PBS. Apoptotic thymocytes were counted and
plated with adherent PMECs at a ratio of 5:1 (apoptotic
thymocytes to PMEC:s). Cells were co-cultured in the pre-
sence of Gas6 for 4 hours, then PMECs were washed 5
times with PBS to remove non-engulfed thymocytes.
PMECs were collected by trypsinization and analyzed for
GFP incorporation by flow cytometry at the UNC-Line-
berger Comprehensive Cancer Center Flow Cytometry
Core Facility.

Results

Accumulation of ACs in post-lactational mertk’”” mammary
glands

To investigate the role of MerTK in AC clearance during
involution, pregnancies were established in 12-week old
virgin female mice. Loss of MerTK did not alter the num-
ber of pups per litter (an average of 5.4 versus 5.8 pups
per litter to born to mertk”” and WT dams, N = 10 dams
per genotype). Lactation by mertk”” females was suffi-
cient to support the nursing pups. Histological evaluation
of mertk”” mammary glands at lactation day 10 (L10) was
unremarkable (Figure 1A). Pups were withdrawn at L10
to force synchronized involution of the mammary glands.
Collapsed secretory structures and reappearance of adi-
pocytes was evidence that milk production had termi-
nated by 3 dpfw in wild-type and MerTK-deficient
samples. While the ductal lumens of WT samples were
clear at 3 dpfw, milk and ACs filled the lumens of
mertk”” samples (Figure 1B). Residual apoptotic cells
remained evident at 7 dpfw in MerTK-deficient samples
(Figure 1C), appearing in rosette structures surrounding
live cells. TUNEL analysis confirmed the presence of
apoptotic cells at 7 dpfw in MerTK-deficient samples but
not in WT samples (Figure 1D). These data are consis-
tent with the role of MerTK in macrophage-mediated
efferocytosis of ACs, and suggest that MerTK is required
for efferocytosis during involution.

Impaired efferocytosis during involution causes chronic
post-partum stromal activation with increased
vascularization, fibrosis, and epithelial proliferation

In WT mammary glands at 60 dpfw, the lobuloalveolar
epithelium had regressed completely, such that adipose
tissue was sparsely populated with narrow ductal struc-
tures surrounded by minimal extracellular matrix
(Figure 2A). In the mertk”” mice, periductal ECM accu-
mulation was evident, accompanied by increased stromal
cellularity. Immunohistochemical detection of collagen
illustrated the accumulation of collagen in the periductal
areas of mertk”” mammary glands. Immunohistochem-
ical detection of proliferating cell nuclear antigen
(PCNA) was used to measure cellular proliferation in
situ, revealing a higher proportion of PCNA+ epithelial
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cells in MerTK-deficient samples as compared to WT
(Figure 2B). Immunohistochemical detection of the
endothelial cell marker CD31 demonstrated increased
vessel number in MerTK-deficient mammary glands ver-
sus WT (Figure 2C).

Pathological consequences of impaired MerTK-induced
efferocytosis are restricted to the post-partum mammary
gland

While ACs were detected at two-fold higher levels in
virgin MerTK-deficient mice as compared to virgin WT
mice (Figure 3A), growth of the ductal epithelium during
puberty was not affected by loss of MerTK as determined
by whole mount hematoxylin staining of mammary glands
from 8 week old virgin female mice (Figure 3B), and by
immunohistochemical detection of PCNA (Figure 3C).
Unlike MerTK-deficient mammary glands harvested at
time points post-partum, mammary glands from virgin
MerTK did not display peri-ductal ECM accumulation,
increased vascularization, or epithelial hyperplasia
(Figure 3D). Therefore, phenotypic effects of MerTK-
deficiency manifested after a single round of pregnancy,
lactation, and involution, and were therefore the result of
the post-partum environment. Because the pathologies
evident in mertk”” mammary persisted through at least
60 dpfw, this suggests that the increased epithelial content
observed in mertk”~ mammary glands was not due to
delayed involution, since the phenotype did not resolve
even over extended time points.

Axl and Tyro3 are not required in the mammary gland to
achieve homeostasis following lactation

In addition to MerTK, the other members of the TAM
family, Ax]l and Tyro3, also have known roles in AC
clearance by macrophages and DCs, and subsequent
cytokine modulation [22,30,31]. To determine if loss of
Axl and Tyro3 results in similar post-partum changes in
the mammary gland, we examined the mammary glands
of Axl/Tyro3 double-deficient mice at 60 dpfw (after a
single pregnancy and lactation). Similar to what was
seen in WT samples, the epithelium of axl”” X tyro3”
mammary glands was sparse, and the adipose tissue was
abundant at 60 dpfw (Figure 4A). No milk accumulation
was seen in WT or axl”” X tyro3”” mammary glands at
60 dpfw. In contrast, static milk persisted in the drama-
tically distended ducts of mertk”” samples, and epithelial
structures appeared more prominent.

After a single round of pregnancy, lactation, and 60 days
of involution, mice were impregnated for a second time
to determine the impact of post-lactational efferocytosis
on the ability to nurse subsequent litters. It was found that
8/8 WT dams and 8/8 axl”” X tyro3”" dams were able to
nurse second litters successfully after 60 days of invo-
lution. In contrast, only 4/8 MerTK-deficient dams
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Figure 1 Impaired clearance of apoptotic mammary epithelial cells during involution in MerTK-deficient mice. A. H&E-stained sections of
mammary glands harvested at lactation day 10 from WT or mertk” mammary glands. B-C. H&E-stained sections of mammary glands harvested
at 3 dpfw (B) and 7 dpfw (C) from WT and mertk”” mammary glands. Boxed areas are shown in higher magnification, where indicated in B
indicate AC accumulation in the ductal lumen and in regressing alveolar structures. Arrows in C indicate apoptotic cells surrounding live cells in
a rosette pattern. D Immunohistochemical detection of TUNEL-positive cells at 7 dpfw. Values shown in D (left panel) are the average
percentage of total nuclei that are TUNEL-positive. N = 5 (X 3 random 400X fields per sample). P = 0.002, Student’s unpaired T-test.
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Figure 2 Impaired apoptotic cell clearance results in pathological changes that are sustained through 60 dpfw. A. Sections of mammary
glands harvested at 60 dpfw were stained with H&E and with an antibody against collagen. B. Immunohistochemical detection of PCNA in
mammary glands harvested at 60 dpfw. N = 5 per genotype. Values shown in bottom left of each panel represent the average percentage of
total nuclei per 400X field (+ S.D.) that were PCNA+. *P = 0.045; Student’s unpaired T-test, N = 3 samples per group, 5 fields per sample. C.
Immunohistochemical detection of the blood vessel marker PECAM/CD31. Values shown in the bottom left of each panel represent the average
number of vCD31-positive vessels per 400X field (+ S.D.). **P = 0.0001. Student’s unpaired T-test, N = 3 samples per group, 5 fields per sample.
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Figure 3 Pathologic consequences of impaired apoptotic cell clearance are specific to the post-partum mammary gland. A. Increased
presence of apoptotic cells in MerTK-deficient mice was shown by TUNEL analysis of mammary glands from 12-week old virgin female mice.
Values represent the average percentage of the total epithelial population that was TUNEL-positive, + S.D. N = 3 (5 fields per sample). P = 0.01,
Student's T-test. B. Whole mounted, hematoxylin-stained mammary glands harvested from eight week old mice. C. mammary glands from 12-
wekk old virgin female mice were analyzed by immunohistochemistry for PCNA. Values shown represent the average percentage of total
epithelial nuclei that were PCNA-positive, + S.D. P = 0.39, Student’s T-test. D. H&E-stained sections from WT and mertk”” mammary glands

harvested from virgin mice at 12 weeks of age.

supported litters through weaning. Histological examina-
tion of mammary glands at second lactation day 1 revealed
that, while WT and axl”” X tyro3”" mammary glands were
encompassed by fully developed secretory epithelium,
large regions of MerTK-deficient mammary glands har-
bored poorly developed epithelial structures, such that adi-
pose tissue was widely visible (Figure 4B). These data
underscore the role of MerTK-directed efferocytosis in
mammary gland function and homeostasis. Furthermore,
these results suggest that efferocytosis in the mammary
gland relies on MerTK, but not other members of the
TAM family of receptors.

WT macrophages do not compensate for the loss of
MerTK in the mammary epithelium, resulting in apoptotic
cell accumulation

Because phenotypic aberration due to impaired efferocy-
tosis were limited to MerTK-deficient mammary glands,

but all TAM receptors regulate macrophage-mediated
efferocytosis, we speculated that non-professional
phagocytes within the mammary gland may be responsi-
ble for clearance of apoptotic cells during the post-
lactational period. Recent evidence suggests that the
mammary epithelium may be responsible for the clear-
ance of apoptotic neighboring MECs [5,13]. To distin-
guish between AC clearance mediated by macrophages
versus by mammary epithelium, we reconstituted
cleared inguinal mammary fat pads of WT mice with
both WT and mertk”~ mammary tissue. Each recipient
WT mouse received mertk”” mammary transplant in
the left mammary fat pad, and WT mammary trans-
plant into the right mammary fat pad. Eight weeks
following transplant, recipients were impregnated. Pups
were withdrawn at birth to initiate synchronized involu-
tion of all mammary glands. Mammary glands were
analyzed at 14 dpfw.
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Figure 4 Loss of MerTK, but not Axl or Tyro3, causes post-lactational pathologies that prevent lactation following second pregnancy.
A. Low-power magnification of H&E-stained section of WT, mertk”” and AxlI” Tyro3”" mammary glands harvested at 60 dpfw, demonstrating the
tissue-wide extent of the pathological changes occurring in MerTK-deficient samples. Arrows indicate milk-filled distended lumens in mertk”
samples. B. At 60 dpfw, mice were impregnated for a second time. Mammary glands shown here were harvested at lactation day 1. Note the
incomplete development of the lobuloalveolar epithelium in MerTK-deficient samples.

Poorly developed
secretory epithelium

WT and mertk”” mammary epithelium resulted in
successful epithelial repopulation of the cleared fat
pads (Figure 5A and 5B). While WT mammary epithe-
lium produced single-layer ductal epithelium, limited
peri-ductal stromal activation, and few PCNA+ cells,
mertk”” mammary epithelium within the WT fat pad
was multi-layered, was surrounded by a thickened
peri-ductal stroma with abundant stromal cellularity,
and displayed elevated PCNA+ cells in epithelial and
stromal cell layers. These findings were recapitulated
in 100% (N = 7) of paired samples examined. TUNEL
analysis demonstrated accumulation of ACs in mertk””
mammary epithelium as compared to the WT epithe-
lium (Figure 5C). Because both of these epithelial cell
populations developed within an identical stromal
environment, this data confirms that accumulation of
apoptotic MECs in the absence of MerTK is a pheno-
type that is epithelial autonomous. These data do not

rule out the contribution of mammary macrophages in
AC clearance. However, because WT professional pha-
gocytes from the host should be equally available to
both WT and mertk”~ MEC populations, These data
suggest that ACs in the post-partum mammary gland
are cleared primarily by neighboring MECs, and not by
professional phagocytes.

MerTK is required for ingestion of apoptotic cells by
mammary epithelial cells

To determine if MerTK mediates efferocytosis by MECs,
we measured MerTK expression in mouse mammary
glands at puberty (6 weeks of age), maturity/virgin
(12 weeks of age), pregnancy (12 weeks of age) and lac-
tation (13-17 weeks of age, 10 days after parturition).
Using real-time RT-PCR, we found mertk mRNA
expression in mammary glands at all stages, with highest
relative levels detected during puberty and declining
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Figure 5 WT macrophages do not compensate for impaired efferocytosis by MerTK-deficient mammary epithelium. A-B. Histological
examination of WT mammary glands cleared of endogenous epithelium and central lymph nodes and reconstituted with either WT or MerTK-
deficient mammary epithelium. For each host mouse, WT tissue was transplanted into the right #4 fat pad, and mertk” tissue was transplanted
into the left #4 fat pad. Paired sets are displayed. Mice were impregnated 8 weeks following mammary transplant, pups were withdrawn at
lactation day 1 to enforce involution, and mammary glands were harvested at 14 dpfw. H&E images and PCNA immunohistochemistry are
shown. A. Images taken of the right and left reconstituted mammary glands from host female #1. B. Images taken of the right and left
reconstituted mammary glands from host female #2. C. TUNEL analysis of paired reconstituted mammary samples from a single WT recipient
mouse, showing the mammary gland reconstituted with WT mammary epithelium and mertk” mammary epithelium. Arrows indicate apoptotic
bodies. Values represent the average percentage of the total epithelial nuclei that were TUNEL-positive, £ S.D. Significance calculated using
Student’s paired T-test. N = 7.
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through pregnancy and lactation (Figure 6A). MerTK
protein expression was detected by immunohistochemis-
try in MECs of the terminal end buds at six weeks of
age, and at lower levels in the ductal epithelium at 12
weeks of age (Figure 6B).

Primary MECs (PMECs) from WT and mertk”” female
mice were cultured in defined serum-free media in the
presence of Gas6, then co-cultured in the presence of
apoptotic thymocytes harvested from dexamethasone-
treated mice harboring a transgene comprised of the
actin promoter driving expression of green fluorescent
protein (actin-GFP mice). After 4 hours of co-culture,
PMECs were thoroughly washed prior to analysis by
flow cytometry to detect GFP+ cells, indicating the
ingestion of apoptotic GFP-expressing thymocytes. WT
PMECs were capable of ingesting apoptotic thymocytes
(Figure 6C). We found that approximately one-third of
WT PMECs were GFP+ after culture with apoptotic
thymocytes (Figure 6D). In contrast, co-culture of WT
PMECs with live GFP+ thymocytes from untreated
actin-GFP mice did not result in the detection of GFP+
cells, confirming the specificity of this assay for ACs.
Finally, GFP+ cells were not detected in mertk”” PMECs
cultured with apoptotic thymocytes, suggesting that
MerTK is required for the phagocytosis of ACs by
mammary epithelial cells.

Apoptotic cells induce the expression of MerTK during
early involution

The levels of mertk mRNA expression were measured
during involution. Compared to what was seen in
mammary glands harvested at 6 weeks of age, mertk
was dramatically elevated nearly 24-fold by 1 dpfw
(Figure 6E). These results were confirmed by immuno-
histochemical detection of MerTK (Figure 6F), showing
a sharp induction of epithelial MerTK expression in
mammary glands harvested from mice at 1 dpfw as
compared to what was seen in during pregnancy
(16.5 dpc). Levels of mertk peak at 3 dpfw, but remain
elevated for at least 60 dpfw as compared to what
was observed in mammary glands from virgin mice
(Figure 6E). Previous reports suggest that apoptotic
lung epithelial cells can induce expression of MerTK
in alveolar macrophages [32]. Therefore, we tested the
ability of apoptotic cells to induce mertk mRNA
expression in cultured MECs. Compared to MECs cul-
tured alone or ACs cultured alone, MECs cultured in
the presence of ACs for 4 hours followed by removal
of ACs resulted in a >11-fold induction of MerTK
mRNA (Figure 6G). Interestingly, induction of mertk
expression was partially impaired in MECs pre-
incubated with an inhibitory antibody against MerTK,
suggesting that induction of MerTK by ACs is con-
trolled in a MerTK-induced positive feedback loop.
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Impaired efferocytosis alters cytokine expression and
signaling at the earliest stages of involution in the
mammary gland

Professional phagocytes secrete immunomodulatory
cytokines in response to AC ingestion. We measured
expression of immunomodulatory cytokines in the
mammary gland using qRT-PCR on total mammary
RNA harvested at 1 and 3 dpfw. Transforming growth
factor f1 (TGFB1) mRNA levels were nearly undetect-
able in mertk”” samples as compared to WT at 1 dpfw
(Figure 7A). By 3 dpfw, TGFB1 levels increased in
MerTK-deficient mammary glands, but still remained
below what was seen in WT mammary glands at
3 dpfw. Smad?2 is a transcription factor that is phos-
phorylated in response to TGFB1 signaling. P-Smad2
was abundant in epithelial nuclei of WT mammary
glands at 3 dpfw, (Figure 7B). In contrast, P-smad2 was
not detected in the mammary epithelium of MerTK-
deficient mice at 3 dpfw. Numerous uningested apopto-
tic bodies were noted in the MerTK-deficient samples,
however. These results demonstrate that cytokine mod-
ulation occurs in the earliest stages of involution, possi-
bly as a result of efferocytosis, and that signaling to
neighboring cells in response to cytokine modulation
occurs. Furthermore, these results demonstrate that loss
of MerTK-mediated efferocytosis by the mammary
epithelium impairs the production of TGFB1, a cytokine
involved in dampening acute inflammation and wound
healing responses. While the role of TGFB1 in efferocy-
tosis and early involution are currently not known, these
results suggest that efferocytosis-mediated cytokine reg-
ulation may impact homeostasis and remodeling in the
post-lactational mammary gland.

Discussion

The mammary gland offers a unique model organ in
which to study apoptosis on a massive yet physiologic
scale, and to investigate the mechanisms involved in the
clearance of ACs from the tissue environment. We pre-
sent the first study illustrating the critical nature of AC
clearance in preserving homeostasis during post-lacta-
tional involution, and how failure of this process contri-
butes to sustained pathologies in the post-partum
mammary gland. The consequences of impaired effero-
cytosis include the loss of TGFB1 signaling, hyperproli-
feration, increased vascularization, fibrosis, and a
decreased ability to nurse second litters due to impaired
remodeling of the mertk”” mammary gland following
lactation.

Our results suggest that during the earliest stages of
involution, efferocytosis by MECs is a critical process.
We used mice deficient for MerTK, a receptor tyrosine
kinase with a known role in directing AC clearance in
macrophages. The data showed that MerTK, but not the
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Figure 6 MerTK directs efferocytosis in mammary epithelial cells. A. Tagman™ real-time PCR was used to quantitate the relative levels of
mertk mRNA in mouse mammary total RNA, harvested at the indicated time points. The relative levels of mertk were calculated using expression
of mouse GAPDH to correct for total RNA concentration using the 88CT method, setting the value of mertk expression measured at 6 weeks to
1. Average values are shown + S.D. N = 3, each sample analyzed 6 times. Statistical significance using Student's T-test (unpaired).

B. Immunohistochemistry to detect MerTK in WT mammary glands harvested from virgin female mice at 6 and 12 weeks of age. Representative
images are shown. C. WT and mertk”” PMECs were incubated for 4 hours in the presence of live or apoptotic GFP+ cells harvested from the
thymus of untreated or dexamethasone-treated (respectively) actin-GFP mice. Representative photomicrographs of WT PMECs ingesting GFP+
apoptotic thymocytes are shown. D. Flow cytometric analysis of WT and mertk”” PMECs incubated for 4 hours in the presence of apoptotic cells
(ACs) or live cells (LCs). N> 30,000 cells examined per genotype. Value in right panel indicates percentage of total cells that were GFP+. E. Real-
time RT-PCR was used to measure mertk mRNA expression in whole mammary RNA harvested from 6 weeks virgin female mice, or from female
mice at 1, 3, 10, and 60 dpfw. Values shown represent the average relative values, = S.D. N = 3, each analyzed six times. F. Mammary glands
harvested at 16.5 dpc and 1 dpfw were immunostained for MerTK. Representative images are shown. G. Real-time RT-PCR was used to measure
mertk mMRNA expression in total RNA harvested from WT PMECs cultured alone or for 4 hours in the presence of apoptotic thymocytes for

4 hours. Note that thymocytes were removed with three PBS washes prior to harvesting RNA from PMECs. Where indicated, PMECs were pre-
incubated with an inhibitory MerTK-antibody or a control IgG (50 pg/ul). Values shown represent the average relative values, + S.D. N = 3, each
analyzed six times. Statistical significance using Student’s T-test (unpaired).
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related TAM receptor family members Axl and Tyro3
(Figure 4), was required for AC clearance by the mam-
mary epithelium (Figure 1 and Figure 6). Interestingly,
the phenotypic effects of MerTK-deficiency were not
apparent in mammary glands of virgin female mice
(Figure 3), but manifested only after a single round of
pregnancy, lactation, and involution, and are therefore
specific to the post-partum environment. Furthermore,
the pathologies evident in mertk”” mammary glands per-
sisted through at least 60 dpfw (Figure 2), suggesting
that the increased epithelial content observed in mertk””
mammary glands was not due to delayed involution,
since the phenotype did not resolve even over extended

time points. These observations demonstrate the critical
nature of rapid AC clearance during involution to pre-
vent tissue damage within the post-partum mammary
gland.

MerTK-directed phagocytosis by non-professional
phagocytes has been described previously in the pigmen-
ted epithelium of the retina, which uses MerTK and the
avP5 integrin to engulf spent rod photoreceptor outer
segments that are shed daily [24,33-38]. Spermatozoa
and Sertoli cells also use MerTK to direct the phagocy-
tosis of neighboring ACs [27,39]. Currently, there are no
reports describing a role for Axl and Tyro3 in phagocy-
tic clearance of ACs by non-professional phagocytes,



Sandahl et al. BMC Developmental Biology 2010, 10:122
http://www.biomedcentral.com/1471-213X/10/122

although expression of each of these receptors is
detected in several epithelial organs. Therefore, while
each of the TAM receptors directs clearance of ACs, the
cell type in which these receptors are expressed may
influence their role in this process.

MECs utilize many of the same molecules for AC
clearance as professional phagocytes, supporting the
observation that MerTK can direct efferocytosis by
MECs and macrophages (Figure 6 and [22,23,25]). In
cell culture, uptake of ACs by MECs can be partially
reduced by the addition of inhibitors to Cl1q and MBP,
two collectins that target ACs for phagocytosis.
Furthermore, the lipopolysaccharide receptor CD14 is
an AC scavenger receptor, and is abundantly expressed
in MECs, although its role in directing AC clearance
by the mammary epithelium has not yet been reported
[3,4]. However, this is not to say that macrophages do
not play a role in AC clearance in the mammary gland
during involution. Macrophage infiltration is detected
between involution days 2 and 4, at which time they
have been shown to engulf dying MECs and to release
anti-inflammatory cytokines, such as TGFB1. mertk””
macrophage have defects in phagocytosis of apoptotic
targets, and studies performed ex vivo demonstrated
that LPS-stimulated mertk”~ macrophage produce
overwhelming levels of inflammatory cytokines,
and are unable to induce the expression of anti-
inflammatory cytokines such as TGFJ1. At this time,
the respective relative contributions of the epithelial
and macrophage populations are unclear. While we
have demonstrated that MerTK-expressing macro-
phages (and other host-derived stromal cells) are
unable to compensate for the loss of MerTK expres-
sion in the mammary epithelium of WT mammary fat
pads reconstituted with MerTK-deficient epithelium
(Figure 5), these studies do not rule out a role for
macrophages in efferocytosis during involution. Unfor-
tunately, reciprocal transplants of WT mammary
epithelium into the cleared fat pads of MerTK-defi-
cient mice did not produce any outgrowths for analysis
(0/8 mice analyzed), and demonstrated a strong
inflammatory response at the transplant site,
suggesting graft rejection by the host. Therefore, we
were unable to assess the effects of MerTK-deficient
macrophages using this model, and future studies are
focused on developing tissue-specific models of
MerTK-deficiency to investigate these questions.

Conclusion

In summary, loss of AC clearance during a single cycle
of lactation/involution resulted in pathologic changes
that prevented subsequent lactation. Changes include
increased epithelial cell proliferation vascularization, and
ECM deposition. These studies highlight the importance
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of AC clearance in tissue homeostasis and in epithelial-
stromal communications. Furthermore, these studies
describe a novel role for MerTK in the mammary gland.
The profound effects rendered by MerTK on mammary
tissue homeostasis suggest that MerTK may be critical
in other tissues that require extensive and rapid remo-
deling under physiologic circumstances, for example, the
ovaries following the estrous cycle/menstrual cycle, or
the uterus at parturition. It is also interesting to specu-
late about the relationship between pregnancy-associated
breast cancer, the impact of involution on breast cancer
malignancy, and the role that efferocytosis plays in this
process.
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